Abstract. The transplantation of mesenchymal stem cells (MSCs) has been a reported method for alleviating atherosclerosis (AS). Because the availability of bone marrow-derived MSCs (BM-MSCs) is limited, the authors used this study to explore the use of a new type of MSC, human induced pluripotent stem cell-derived MSCs (iPSC-MSCs), to evaluate whether these cells could alleviate AS. iPSC-MSCs were intravenously administered to ApoE knock out mice fed on a high-fat diet (HFD) for 12 weeks. It was reported that systematically administering iPSC-MSCs clearly reduced the size of plaques. In addition, the numbers of macrophages and lipids in plaques were lower in the HFD + iPSC-MSCs group than in the HFD group. Furthermore, iPSC-MSCs attenuated AS-associated inflammation by decreasing the levels of inflammatory cytokines, such as tumor necrosis factor-α and interleukin-6, in serum. In addition, the expression of Notch1 was higher in the HFD group, and injecting iPSC-MSCs reversed this effect. In conclusion, the current study provides the first evidence indicating that iPSC-MSCs may be a new optional MSC-based strategy for treating AS.
Introduction
Atherosclerosis (AS) is a leading cause of illness around the world that is widely considered to represent a chronic inflammatory disease (1) and has been associated with many cardiovascular events (2) . It was previously reported that macrophages accumulate in the intima, leading to the formation of foam cells, which are the major hallmark of early-stage atherosclerotic lesions (3) . Foam cells secrete many inflammatory cytokines, such as tumor necrosis factor (TNF)-α and interleukin (IL)-6, that have emerged as key players in the pathogenesis of AS (4) . These inflammatory cytokines induce a cascade that leads to the further aggravation of AS (5) .
Mesenchymal stem cells (MSCs) are multipotent cells that possess immunomodulatory potential (6) . They are widely used in preliminary clinical trials and animal studies, including animal models of AS (7) (8) (9) . It was previously reported that bone marrow-derived mesenchymal stem cells (BM-MSCs) attenuated AS formation and inflammatory responses (7, 10) . However, despite the benefits provided by BM-MSCs, they are associated with some shortcomings, such as cellular senescence, limited proliferative capacity and rapid loss of differentiation potential (11, 12) . One previous breakthrough in the field is the generation of induced pluripotent stem cell (iPSCs) (13, 14) , which provides a new source of MSCs and has therefore attracted worldwide attention. When systematically administered into limb-ischemia mice, iPSC-MSCs improved the limb salvage rate (15) . Moreover, iPSC-MSCs also alleviated inflammatory reactions in allergic airway inflammation mice by reducing inflammatory cell infiltration and the levels of inflammatory cytokines (16) . Additionally, iPSC-MSCs have longer survival times, stronger proliferative capacity and more stable cell properties than BM-MSCs (17) , indicating that iPSC-MSCs may be better candidates for future therapies. The therapeutic efficacy of iPSC-MSCs in AS has not been previously demonstrated. In the present study, the authors used a mouse model of AS ApoE knockout (KO) mice. Following this, the effects of infusing iPSC-MSCs on plaque pathology and inflammatory responses were then evaluated in these mice. Animals. A total of 32 male ApoE-/-mice (C57BL/6 background, 7 weeks old) were housed under a 12 h light-dark cycle in the Sun Yat-Sen University Laboratory Animal Center (Shenzhen, China). Following acclimatization for one week, they were randomly divided into the following four groups:
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The RD group comprised the regular diet group, which did not receive any treatment (n=8); the HFD group was fed a high-fat diet (n=8); the HFD + iPSC-MSCs group was fed a high-fat diet and received 400 µl PBS containing 2x10 6 iPSC-MSCs (n=8); and the HF + PBS group was fed a high fat diet and received 400 µl PBS (n=8). Stem cells and PBS were injected via the tail vein every 7-10 days. After 12 weeks, the animals were anesthetized using 1.5% pentobarbital. Blood was obtained from the right ventricle and centrifuged at 1,006 x g for 10 min to isolate serum. Aortas and liver tissue were carefully harvested from the mice. Aortic arches and liver tissue were used for histology, and the remaining tissue was frozen in liquid nitrogen and stored at -80˚C in a freezer until used. All animal care and treatment procedures were approved by the Local Animal Care Committee and conformed to Institutional Guidelines and Animal Ordinances (Zhongshan School of Medicine, Sun Yat-sen University, Shenzhen, China).
Cell culture. Human iPSC-MSCs derived from iPSC lines have been described previously (15, 18) . The iPSC-MSCs resemble BM-MSCs in morphology and have similar surface antigen expression, such as CD44, CD73, CD105 and CD166 but lack CD45, CD34 and CD133. In addition, iPSC-MSCs also have the capacity to differentiate into osteoblasts, adipocytes and chondroblasts. iPSC-MSCs are cultured in DMEM supplemented with 10% FBS at 37˚C in an atmosphere containing 5% CO 2 and 95% air. Cells in passages 10-15 were injected into the mice via the tail vein.
En face preparation. Following isolation, the aortas were cut longitudinally and fixed onto dishes. The aortas were stained with Oil-Red O for 30-40 min and then rinsed with 70% ethanol. Images of en face aortas were acquired using a camera. The sizes of the stained areas were calculated using Image-Plus Pro 5.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Histological stains. The aortic arches were used to determine the area affected by atherosclerotic lesions. After the arches were dissected from the aorta, they were fixed in 4% paraformaldehyde overnight and embedded in paraffin. The embedded aortas were sliced into 5 µm-thick sections. The sections were then stained using hematoxylin and eosin (Wuhan Boster Biological Technology, Ltd., Wuhan, China). The average lesion size was determined using measurements obtained from 10 serial sections. Liver sections were stained with Oil Red O. All images were obtained with the inverted optical microscope (BX51; Olympus Corporation, Tokyo, Japan), The sizes of the stained areas were calculated using Image-Plus Pro5.0 (Media Cybernetics, Inc.).
Immunohistochemical study. The paraffin-embedded sections were deparaffinized and rehydrated. They were then processed for antigen retrieval in a microwave oven. The sections were then rinsed in PBS containing 0.1% Tween-20 (PBS-T) and blocked in 3% peroxide-methanol at room temperature to inhibit endogenous peroxidase activity. The sections were blocked in 3% bovine serum albumin (Invitrogen; Thermo Fisher Scientific, Inc.), for 1 h at room temperature and then incubated with primary antibodies for CD68 (dilution, 1:200) overnight at 4˚C. Following this, the sections were then incubated with HRP-conjugated anti-rabbit secondary antibody (dilution, 1:100) for 50 min at room temperature, color was developed using 3,3-diaminobenzidine (Wuhan Boster Biological Technology, Ltd.). After the sections were counterstained with hematoxylin (Wuhan Boster Biological Technology, Ltd.), the slides were sequentially washed through an alcohol dehydration series and mounted using neutral gum. The slides were examined using the inverted optical microscope (BX51; Olympus Corporation), The sizes of the stained areas were calculated using Image-Plus Pro5.0 (Media Cybernetics, Inc.).
Measurement of serum lipid levels. Serum samples were obtained to measure serum cholesterol levels, including the levels of total cholesterol, low-density lipoprotein (LDL) and high-density lipoprotein (HDL), using an autoanalyzer (Cobas Integra 400, Roche Diagnostics, Indianapolis, IN, USA).
ELISA assay. Serum was collected as described above. IL-6 and TNF-α levels were measured according to the instructions that accompanied the appropriate ELISA kits. Every result was obtained but combining the results from 8 mice in each group.
Western blot analysis. The aortas were used to examine the protein expression. Total proteins were extracted from aortas using radioimmunoprecipitation assay buffer (Cell Signaling Technology, Inc.). Following centrifugation at 12,000 x g at 4˚C for 10 min, the supernatant was collected. The bicinchoninic acid protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) was used to quantify the protein concentrations. Protein (20 µg) from each group were fractionated on 8% SDS-PAGE gels (Amresco, LLC, Solon, OH, USA). The proteins were transferred into polyvinylidene difluoride membrane (Roche Diagnostics). Then the membranes were blocked with 5% fat-free milk at room temperature for 1 h in TBS with 0.1% Tween-20, and incubated with anti-notch1 (dilution, 1:1,000), in TBS containing 0.1% Tween-20 (TBS-T) with 5% BSA at 4˚C overnight. Membranes were washed with TBS-T for 5 min three times, and incubated with HRP-conjugated secondary antibody (dilution, 1:2,000) for 60 min at room temperature. After washing, protein bands on the membrane were visualized by enhanced chemiluminescence (EMD Millipore, Billerica, MA, USA). The quantitative analysis of the blot intensities was performed using Quantity One 4.62 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. All data were analyzed using SPSS software (version, 16.0; SPSS Inc., Chicago, IL, USA). The data are presented as the mean ± standard error of the mean. Differences among the four groups were determined using one way analysis of variance followed by the SNK-q test. P<0.05 was considered to indicate a statistically significant difference.
Results
iPSC-MSCs reduced atherosclerotic plaque formation.
To determine whether iPSC-MSCs affect AS, the authors used en face and cross sections to measure the sizes of atherosclerotic plaques in the aortas of ApoE KO mice. Using Oil Red O staining (Fig. 1A) , they reported that a significantly larger area was covered by plaques in the ApoE KO mice fed on a HFD than in those in the RD group ( Fig. 1C; P<0 .01). Administering iPSC-MSCs reversed this effect of a HFD by decreasing the plaque area to 7% ( Fig. 1C; P<0 .05). However, the sizes of the plaques were not different between the HF and PBS groups ( Fig. 1C; P>0 .05). Consistent with the en face results, in cross sections (Fig. 1B) , the authors indicated that smaller plaque sizes were observed in the iPSC-MSCs group than in the HFD group ( Fig. 1D; P<0 .05). No significant differences were detected between the HFD and PBS groups ( Fig. 1D; P>0 .05). These results indicated that infusions of iPSC-MSCs inhibited the formation of atherosclerotic plaques. In addition, GFP-labeled iPSC-MSCs were injected into ApoE KO mice, and a previous study demonstrated that iPSC-MSCs are capable of migrating to impaired sites to exert their protective functions (19) . Unfortunately, the authors failed to detect GFP-labeled iPSC-MSCs in inflamed tissues, indicating that the injected iPSC-MSCs may not alleviate AS through a direct effect.
iPSC-MSCs decreased the number of macrophages and lipids in plaques.
The authors next used Oil Red O to stain frozen sections to determine the lipid content in plaques ( Fig. 2A) . Administering iPSC-MSCs resulted in significantly lower lipid levels in plaques than were observed in the HFD-only group ( Fig. 2B; P<0.05 ). Immunohistochemical analysis indicated that the iPSC-MSC-treated mice displayed a profound change in macrophage infiltration in plaques (Fig. 2A ). There were significantly fewer macrophages (CD68-positive cells) in plaques in the mice infused with iPSC-MSCs than in the HFD-only group ( Fig. 2C; P<0 .05). Additionally, there was no difference in the lipid content or the number of CD68-positive cells between the HFD and PBS groups ( Fig. 2B and C; P>0.05). It was therefore inferred that iPSC-MSCs relieved AS by decreasing the number of infiltrating macrophages and the lipid level in plaques.
iPSC-MSCs affect the level of serum lipids and body weight.
Because AS is also influenced by dyslipidemia, the authors measured serum lipid levels and body weight in each of the four groups (Fig. 3) . Interestingly, although it was not identified that iPSC-MSCs had a significant effect on body weight (Fig  3B, P>0.05) , however the authors did find an effect on total cholesterol (TC), LDL and HDL levels, which were lower in the iPSC-MSC group than in the HFD group (Fig 3A; P<0.05 ). There was no difference in these parameters between the HF and PBS groups (Fig 3A; P>0.05 ). In addition, the authors measured the lipid droplets in liver tissue (Fig 3C) and, consistent with the serum lipid result, the area of hepatic lipid droplets was significantly decreased by iPSC-MSCs ( Fig. 3D; P<0.05) . Hence, the data demonstrated that the effects of iPSC-MSCs on AS may involve an ameliorating effect on lipid disorders.
iPSC-MSCs decreased the levels of inflammatory cytokines in ApoE KO mice.
To investigate the effects of iPSC-MSCs on inflammatory responses in AS, the authors used ELISA kits to measure the expression levels of TNF-α and IL-6, two typical inflammatory cytokines, in an AS model (Fig. 4) .
Consistent with the results of previous studies, the authors report that a HFD resulted in dramatically higher levels of TNF-α and IL-6 in the ApoE KO mice than in the RD mice (P<0.01). However, iPSC-MSC transplantation resulted in significantly lower levels of HFD-induced TNF-α and IL-6 (P<0.05). Moreover, treating the mice with PBS alone had no effect on the levels of these cytokines when they were compared to the HFD groups (P>0.05). These results indicated that iPSC-MSCs decreased AS-related pathological inflammatory reactions by reducing the circulating levels of the pro-inflammatory cytokines TNF-α and IL-6.
iPSC-MSCs attenuate AS via Notch1.
To further explore the effects of iPSC-MSCs on inflammatory responses in AS plaques, the authors measured the expression level of Notch1. In the present study, the expression of Notch1 was higher in the HFD and PBS groups than in the RD group (P<0.01). These data indicated that Notch1 was involved in AS. However, the iPSC-MSC group displayed markedly lower levels of Notch1 than were observed in the HFD group. Overall, infusions of iPSC-MSCs reduced the expression of Notch1 in AS plaques, which may have potentially contribu ted to the observed alleviation of AS inflammation ( Fig. 5; P<0 .05).
Discussion
The anti-inflammatory effects and immunomodulatory functions of MSCs make them a promising therapeutic option for many diseases. Currently, the main source of MSCs is the BM. However, there are several disadvantages associated with BM MSCs that restrict their clinical usefulness (11, 12) . In addition, iPSC-MSCs could maintain stability during proliferation. Therefore, it is reasonable to assume that iPSC-MSCs may be a better candidate for AS stem cell therapies than BM-MSCs.
In the current study, the authors demonstrated that iPSC-MSCs significantly decreased the areas of AS plaques, inhibited infiltration by macrophages and lipid levels in plaques, decreased cholesterol levels in the serum, and reduced circulating levels of TNF-α and IL-6 in ApoE KO mice. These data are consistent with previous studies that have indicated that MSCs derived from BM or other tissues also attenuated AS in AS mouse models (7, 10, 20) . Furthermore, the mechanisms underlying the ability of iPSC-MSCs to alleviate AS were explored. The iPSC-MSC-mediated reduction in AS inflammation was accompanied by low protein levels of Notch1, indicating that iPSC-MSCs may reduce AS symptoms by affecting the Notch signaling pathway. Because iPSC-MSCs possess the ability to maintain stability during proliferation and do not lose this ability easily as they age, it is reasonable to assume that iPSC-MSCs may be a better candidate for AS stem cell therapies than other types of MSCs. To the best of the authors' knowledge, the present study is the first to demonstrate that iPSC-MSCs have been demonstrated to be capable of modulating AS in ApoE KO mice.
It is widely acknowledged that the development of AS is closely associated with macrophages and macrophage-derived foam cells. Once they have taken up lipids, macrophages transform into foam cells, which secrete many different inflammatory cytokines that can aggravate AS (21) . Furthermore, a high accumulation of macrophages and lipids is characteristic of an advanced plaque, and these plaques are vulnerable to rupture (22) . Moreno et al (23) indicated that atherosclerotic plaques with more macrophage-rich areas were more frequently observed in patients with unstable angina and non-Q-wave myocardial infarction. Hence, it is important to identify methods to reduce the number of macrophages in plaques to make the plaques more stable. To identify the effects of iPSC-MSCs on AS plaques, the authors measured the areas and analyzed the morphologies of plaques. Consistent with a previous report (24) , the plaques in ApoE KO mice fed on a HFD were larger in size and contained higher levels of lipids and higher numbers of macrophages. In contrast, following iPSC-MSC transplantation, the plaques displayed improvements: They were smaller in size and were infiltrated by fewer lipids and macrophages. These data demonstrated that intravenously administering iPSC-MSCs not only reduced the sizes of plaques but also alleviated infiltration by inflammatory cells, which stabilized vulnerable plaques.
Blood cholesterol concentrations are closely associated with cardiovascular diseases, and decreasing blood cholesterol levels may therefore reduce the incidence of major coronary events (25) . Additionally, hyperlipemia may aggravate the development of AS by increasing the circulating levels of proinflammatory mediators (26) . Frodermann et al (7) demonstrated that BM-MSCs decreased serum levels of cholesterol in ApoE KO mice that were fed a HFD for 8 weeks by reducing the level of LPL in the liver. LPL hydrolyses triglycerides into free fatty acids, which are required for very low-density lipoprotein (VLDL). Similar to the results of previous studies, we also found that iPSC-MSCs lowered cholesterol levels in ApoE KO mice fed a HFD. Unfortunately, whether iPSC-MSCs alleviate hyperlipidemia by downregulating LPL levels in the liver remains uncertain. In addition, authors measured the level of HDL in the study. It was used to consider that there is an inverse association between amounts of HDL cholesterol and coronary heart disease (CHD) (27) . However, many studies have reported that under some disease conditions HDL can become dysfunction and lose its atheroprotective property (28, 29) . In AS or systemic inflammation, HDL can turn into pro-inflammatory states and promote monocyte chemotaxis (30, 31) . Ansell et al (32) also identified that patients who developed CHD have very high levels of HDL, and exhibited high levels of pro-inflammatory HDL as well. Whether iPSC-MSCs allay AS inflammation through reducing pro-inflammatory HDL is still unclear.
TNF-α and IL-6 are strong inflammatory cytokines that are closely associated with AS. TNF-α and IL-6 both aggravate AS on their own and promote inflammatory cells to accumulate in AS plaques (20) . In addition, the levels of TNF-α, IL-6 and other inflammatory cytokines are also significantly higher in many patients who are diagnosed with acute coronary syndrome and in animal models of this conditions (20, 33, 34) . In the current study, the authors determined that the expression levels of these cytokines were dramatically higher in ApoE KO mice fed on a HFD. Interestingly, transplanting iPSC-MSCs reduced serum levels of TNF-α and IL-6, which were otherwise induced by HFD. However, their levels remained higher than those observed in the RD group. Similarly, Li et al (20) demonstrated that LPS-stimulated macrophages produced less TNF-α when co-cultured with MSCs derived from the skin. Moreover, it was also reported that MSCs downregulated the expression of IL-6 and TNF-α in ApoE KO mice (35) . The authors therefore concluded that iPSC-MSCs alleviated AS inflammation by reducing the levels of specific inflammatory cytokines, such as IL-6 and TNF-α.
Notch1 levels was measured in plaques. Notch1 is a receptor in the Notch pathway. The Notch signaling pathway is a highly conserved pathway that is associated with many cellular processes, such as differentiation, proliferation and apoptosis (36) . Recently, Liu et al (37) revealed that Notch1 was expressed at significantly higher levels in atherosclerotic lesions in the aortas of ApoE KO mice fed a HFD and in plaques in human patients. The Notch signaling inhibitor DAPT decreased the areas of plaques (38) . Additionally, the Notch pathway is a modulator of inflammation (38) . Xu et al (39) revealed that activating Notch1 promoted macrophages to polarize toward an inflammatory phenotype and to produce inflammatory cytokines. In the present study, the authors indicated that Notch1 expression was lower in the HFD + iPSC-MSCs group than in the HFD group, suggesting that iPSC-MSCs inhibited Notch1 expression. This finding could potentially lead to therapeutic strategies aimed at suppressing inflammatory reactions in ApoE KO mice.
There are some limitations to the current study. First, while the authors demonstrated that iPSC-MSCs alleviated AS, they failed to detect oblivious GFP-labeled iPSC-MSCs accumulated in plaques in ApoE KO mice. A different study failed to detect MSCs in plaques, and it has been demonstrated that MSCs exert their therapeutic potential mainly via paracrine effects, like secreting IL-8 (10). Zhang et al (18) have proven that iPSC-MSCs attenuated doxorubicin-induced cardiomyopathy through potent paracrine effects and listed TOP 10 secreted factors in iPSC-MSCs. In addition, a multitude of studies have demonstrated that 80-90% grafted cells die following cell transplantation due to oxidative stress or inflammation (40) (41) (42) . Thus, it is reasonable to assume that direct effects make limited contribution to the therapeutic effects of iPSC-MSCs for AS and some other mechanisms may be involved, including the paracrine effects. However, the cytokines that are involved in this phenomenon will need to be identified in future studies. Secondly, iPSC-MSCs reduced the HFD-induced increase in the expression of Notch1. However, the authors did not explore the relationship between the Notch signaling pathway and inflammatory factors at the cellular level. In the future, the authors intend to analyze this relationship. In addition, immunological rejection following systematic administration of iPSC-MSCs is lacking in the present study. However, a study of human MSCs from adult tissues in animals without using immunosuppressants has also been reported (16) . The authors acknowledged that immune rejection may occur in the current study, immunocompromized mice will be used in their future studies. Furthermore, AS is a complex process involving innate and adaptive immune mechanism (43) . Whether the immune responses, like T cell responses or interferon-γ produced by T helper 1 cells, are involved requires future study.
In conclusion, these findings clearly demonstrated that iPSC-MSCs suppress the formation of AS plaques. This effect involves a reduction in inflammatory responses and serum cholesterol concentrations in addition to a decrease in the expression of Notch1. iPSC-MSC transplantations may therefore be a promising treatment option in patients with a high AS burden.
